Abstract 23
Reduced parasite infection rates in the developed world are suspected to underlie the rising 24 prevalence of autoimmune disorders. However, the long-term evolutionary consequences of 25 decreased parasite exposure on an immune system are not well understood. We used the 26 Mexican tetra Astyanax mexicanus to understand how loss of parasite diversity influences the 27 evolutionary trajectory of the vertebrate immune system by comparing river with cave 28 morphotypes. Here, we present field data that affirms a strong reduction in parasite diversity in 29 the cave ecosystem and show that cavefish immune cells display a more sensitive 30 proinflammatory response towards bacterial endotoxins. Surprisingly, other innate cellular 31 immune responses, such as phagocytosis, are drastically decreased in cavefish. Using two 32 independent single-cell approaches, we identified a shift in the overall immune cell composition 33 in cavefish as the underlying cellular mechanism, indicating strong differences in the immune 34 investment strategy. While surface fish invest evenly into the innate and adaptive immune system, 35 cavefish shifted immune investment to the adaptive immune system, and here, mainly towards 36 specific T-cell populations that promote homeostasis. Additionally, inflammatory responses and 37 immunopathological phenotypes in visceral adipose tissue are drastically reduced in cavefish. 38
Our data indicate that long term adaptation to low parasite diversity coincides with a more 39 sensitive immune system in cavefish, which is accompanied by a reduction of the immune cells 40 that play a role in mediating the proinflammatory response. 41 42 43 Main text 44 Important efforts in hygiene and medical treatment in most industrialized countries have reduced 45 microbial and parasitic infections considerably 1 . While this indisputably improves health and 46 increases life expectancy, the diverse effects on the immune system are not well understood. 47
Host-parasite interactions are the major driving force in the evolution of the immune system 2 . 48
From an evolutionary perspective, the maintenance and control of the immune system is 49 associated with costs 2,3 , so a reduction in parasite diversity should theoretically increase the 50 fitness of the host. 51
Interestingly, the opposite has been observed. Based on a number of studies, it has been 52 hypothesized that decreased exposure to parasites or biodiversity in general has contributed to 53 the rising numbers of autoimmune diseases in the developed world 4-7 . This phenomenon has 54 been described as the "Old Friends hypothesis" 8 , which argues that the reactivity of the vertebrate 55 immune system depends on the exposure to macroparasites (e.g., helminths) and microparasites 56 (e.g., bacteria, fungi and viruses). These parasites, that the host has coevolved with, are 57 necessary for the host to develop a proper functional immune system and to minimize 58 autoimmune reactions that potentially result in immunopathology (e.g. type 1 diabetes or 59 artheriosclerosis) 8 . 60
Despite important insights into the physiological underpinnings of autoimmune diseases 9 , we still 61 lack fundamental knowledge of how autoimmune diseases initially develop. Human populations 62 have only been confronted with this decreased parasite diversity for a couple of generations -63 very recently in evolutionary terms. This raises the question of how the immune system adapts to 64 such environmental changes in the long term. Given the significant impact on fitness of 65 autoimmune disorders 9 , evolutionary adaptations of the immune system to environments with low 66 biodiversity and thereby low parasite diversity 10,11 are likely to have been deployed. 67 The vertebrate immune system is composed of two main systems, the innate and the adaptive 68 immune system. The innate immune system is essential for the initial response against 69 pathogens. Given the short lifetime and high complexity, innate immune cells, such as 70 granulocytes, are thought to be very costly for the host 12 . The adaptive immune system of 71 vertebrates is defined by its long-term protection against pathogens (e.g. through the production 72 of pathogen-specific antibodies). Cells of the adaptive immune systems, such as B-and T-cells, 73 are thought to be less costly for the host due to their low complexity and longevity 12 . 74 Given the differences in costs, it has been suggested that the vertebrate immune system is 75 capable of adjusting its immune investment strategy [13] [14] [15] . The host can invest to different degrees 76 into the innate or adaptive immune cells depending on the parasite abundance in the host 77 environment [13] [14] [15] . Accordingly, these different immune investment strategies result in specifc 78 differences in the immune responses 16 . 79
Based on these phenotypic responses, adaption to environments with low parasite abundance 80 should result in a fixed immune investment strategy that is optimized for host fitness. To explore 81 this idea, we utilized an eco-immunological approach in the Mexican tetra Astyanax mexicanus, 82 to study how local adaptation of one host species to environments with a stark difference in 83 parasite diversity affects the immune system of the host. 84
There are cave and surface adapted populations of this species that have adapted to their 85 respective environments for approximately 50-200 thousand years 17,18 . One important hallmark 86 of cave environments is an overall decrease in biodiversity, including parasite diversity 19, 20 . Here 87 we present field data from a cavefish population (Pachón) and one surface fish population (Río 88 Choy), which confirms a stark difference in macroparasite abundance between these two habitats 89 and indicates a higher immune activity of surface fish compared to cavefish under natural 90 conditions. Both, cavefish and surface fish populations can be bred and raised for generations in 91 the lab under identical environmental conditions, which readily facilitates the identification of 92 heritable changes. Therefore, we used lab populations that were derived from the wildtype 93 Pachón and Río Choy populations and an additional cavefish population (Tinaja) to investigate 94 immunological consequences deriving from adaptational processes to environments with low 95 parasite diversity. We demonstrate that cavefish immune cells display a more sensitive and 96 prolonged immune response of proinflammatory cytokines towards bacterial endotoxins in vitro, 97 similar to other vertebrate host species in environments with low biodiversity 21, 22 . Using an image-98 based immune cell clustering approach (Image3C) and single cell RNA sequencing (scRNAseq) 99
we show that the observed differences in the cellular immune responses are accompanied by 100 differences in the immune investment strategy, where cavefish produce more lymphoid cells 101 (adaptive immunity) than myeloid cells (innate immunity). We demonstrate that the altered 102 immune investment strategy does not generally affect all lymphocytes but mainly leads to an 103 overrepresentation of T-cells in cavefish. 104
Notably, we found that a large proportion of overrepresented T-cells in cavefish is represented by 105 γδT-cells. This T-cell population is known for its regulatory role in several autoimmune diseases 23 106 and the ability to recognize foreign antigens in a MHC (major histocompatibility complex)-107 independent manner, thereby bridging the gap between the innate and adaptive immune 108 system 24 . Further scRNAseq analysis of the acute inflammatory response in fish treated with 109 lipopolysaccharides (LPS) revealed transcriptional changes in innate and adaptive immune cells 110 as well as in hematopoietic stem cells (HSCs) that may drive the observed changes in the immune 111 investment strategy. In addition, we observed differences in the adaptive response of T-and B-112 cells, where cavefish display a higher activation response than surface fish. Finally, we show that 113 the reduction of granulocytic and monocytic cells in cavefish leads to reduced immunopathological 114 consequences for visceral fat storage, which has been described as an adaptional response 115 towards low food supply in the cave environment 25,26 . 116 We started our investigation by collecting wild fish in their natural habitat to study the differences 117 in parasite abundance between river and cave environments. The differences in parasite 118 abundance between river and cave habitats of A. mexicanus have not been studied in detail and 119 are mainly based on assumptions that derive from theoretical models 10 . We collected 16 surface 120 fish (Río Choy) and 16 cavefish (Pachón), respectively (Fig. 1a) , and examined them for parasite 121 infections as described before 27 . We found varying numbers of endo-and ectoparasites in surface 122 fish ( Fig. 1b , see also Figure S1 ). Interestingly, we did not detect macroparasite infections in the 123 sampled cavefish (Fig. 1b ). While we cannot exclude the possibility of viral or bacterial infections 124 in the cavefish population, we did not detect any obvious signs of systemic or tissue specific 125 infections during the parasitological examination. The lower parasite infection rate in wild cavefish 126 is also reflected in a significant lower spleen somatic index (an elevated immune activity in fish 127 coincides with a swelling of the spleen and increases spleen somatic index 28 ) in wild cavefish 128 compared to the surface fish samples ( Fig. 1c ; mean spleen somatic index in surface fish of 0.663 129 vs. mean spleen somatic index in cavefish of 0.304; p = 0.0047, One-way ANOVA). Given the 130 strong impact of host -parasite interaction on the evolution of the immune system 2 , we speculated 131 that these extreme differences in parasite abundance between cavefish and surface fish 132 environment result in functional and/ or physiological changes to the cavefish immune system. 133
To explore immunological differences in the potential to develop immunopathological phenotypes 134 between surface fish and cavefish, we first investigated the proinflammatory immune response, 135 which generally precedes immunopathological phenotypes 29 . To trigger such a proinflammatory 136 response we used bacterial endotoxins, LPS, in cultures with extracted leukocytes. We focused 137 on the the pronephros (head kidney, HK) ( Figure 1d ), the main hematopoietic and lymphoid organ, 138 and a site of antigen representation in teleost fish 30 . We incubated head kidney cells from surface, 139
Pachón and Tinaja fish with LPS (20 µg/mL) for 1, 3, 6, 12 and 24 hours, respectively and 140 measured gene expression of the proinflammatory cytokines il-1β, tnf-α, il-6 and g-csf in relation 141 to control samples (saline (PBS)) using RT-qPCR (Figure 1e, see Table S1 for details). Head 142 kidney cells from cavefish populations showed an overall greater inducible response upon LPS 143 treatment than head kidney cells from surface fish in vitro over time ( Fig. 1e ). Specifically, only 144 the gene expression of il-1β remained significantly elevated in surface fish after 24 hours ( Figure  145 1e). In contrast, cavefish expression of all tested proinflammatory cytokines remained significantly 146 upregulated after 24 hrs. Since the cavefish response was saturated at this LPS concentration, 147
we repeated the analysis with a 100x fold lower LPS exposure ( Fig. 1f ). Here, LPS treated head 148 kidney cells from surface fish no longer displayed a significant response of any of the 149 proinflammatory cytokines, while Pachón cavefish cells still showed significant expression for il-150 1β, tnf-α and il-6 compared to untreated cells ( Fig. 1f ). This increased sensitivity was not present 151 to the same degree in the Tinaja cave population, since we only found an increase in the 152 expression of il-6 ( Fig. 1f) . 153
This increased sensitivity of cavefish head kidney cells towards LPS in vitro is supported by 154 previous findings of an increased immune and scarring response after wounding of the Pachón 155 cavefish compared to surface fish 33 . However, the observed differences in the proinflammatory 156 response could be strongly affected by differences in the number of cells that produce these 157 proinflammatory cytokines. To account for this, we directly compared baseline expression of il-158 1β, tnf-α, il-6 and g-csf in naïve head kidney cells of Pachón and Tinaja to surface fish ( Fig. 1g ). 159 Surprisingly, the expression of all tested proinflammatory cytokines was significantly reduced in 160 Pachón cavefish samples relative to surface fish cells ( Fig. 1g ). In the case of the proinflammatory 161 cytokine il-1β, for example, naïve Pachón cavefish head kidney cells produced 61 % less 162 transcript than surface fish cells (relative expression Pachón vs. surface fish il-1β = 0.383, p ≤ 163 0.001, pairwise fixed reallocation randomization test, Fig. 1g ). Similar to the Pachón cavefish 164 population, the Tinaja cave population differed in the expression of il-1β, tnf-α and il-6 compared 165 to surface fish but not in the expression of g-csf ( Fig. 1g ). Here it is noteworthy that while we only 166 obtained parasite data from one cavefish population, we reasoned that different cave habitats 167 share similar environmental features. To test whether functional differences of the immune system 168 also appear in other cavefish populations we included, where it was feasible, a second, 169 independently derived, cavefish population (Tinaja) in the experimental setup. 170 Given the difference in cytokine expression upon LPS exposure, we wanted to test whether other 211 cellular immune functions, such as phagocytosis, differ between cavefish and surface fish. We 212 conducted a phagocytosis experiment, in which we quantified the ability of head kidney cells to 213 phagocytize Alexa-488 tagged Staphylococcus aureus cells (Thermo Fisher) in vitro at different 214 timepoints ( Fig. 1h , see Fig. S2 for gating strategy). Using pairwise comparison, we found a 215 significant decrease of the phagocytic rate of both cavefish populations at both timepoints 216 compared to surface fish ( Fig. 1h , see Data File 1 for detailed statistic report). 217
The decreased baseline expression of the proinflammatory cytokines and the decreased 218 phagocytosis rate in cavefish could be the result of changes in the immune cell composition, since 219 both of these cellular immune functions are mainly fulfilled by cells with a myelomonocytic origin 220 (such as granulocytes and monocytes) in teleost fish 32, 34, 35 . To assess immune cell composition, 221
we analyzed scatter information from head kidney derived single cell suspensions from surface, 222
Tinaja and Pachón fish. Using similar analytical approaches previously described for 223 zebrafish 31,32 , we identified four distinct cell cluster: an erythroid, a myelomonocyte, a progenitor 224 and a lymphoid/progenitor cluster ( Fig. 1i ). To confirm the identity of these clusters, head kidney 225 cells from each cluster were sorted, and cells were stained with May-Grünwald Giemsa stain. We found profound differences in the immune investment strategy between surface fish and 241 cavefish. While surface fish have a relatively balanced investment in myelomonocyte and 242 lymphoid immune cells, cavefish invest less into myelomonocytic cells than into lymphoid immune 243 cell populations (mean M / L ratio in surface fish is 1.06 vs. 0.72 in Tinaja , p ≤ 0.05, and vs. 0.50 244 in Pachón, p ≤ 0.01; one-way ANOVA, FDR corrected, Fig. 1k ). Since all fish were raised under 245 identical laboratory conditions, the observed differences in the immune investment strategy point 246 towards a genetic basis for this trait. To further study this, we analyzed surface x Pachón hybrids 247 and found a similar M / L ratio as in the parental Pachón population, indicating that the change in 248 the immune investment strategy of the Pachón population is a dominant trait (mean M/L ratio in 249 surface x Pachón F1 of 0.52, Fig. 1k ). 250 Given the strong difference in parasite abundance and resource availibillity 25 between cave and 251 surface environments, cavefish potentially benefited from a change in the immune investment 252 that reduces the resource allocation into the immune system (see McDade, et al. 12 for review on 253 costs of innate and adaptive immune defences). To rule out the possibility that changes in the 254 head kidney morphology and / or total numbers of cells in the head kidney are responsible (and 255 could potentially compensate) for the observed differences in the M/L ratio, we compared 256 morphology and total cell numbers of the head kidney from surface fish and Pachón cavefish. We 257 observed no general differences in cell morphology (see Fig. 1l ) and no significant changes in the 258 absolute cell number from the entire head kidney between the fish populations (mean absolute 259 cell number of entire head kidney per mg fish weight for surface fish was 8556 and 7460 for 260 cavefish, p = 0.53, one-way ANOVA; Fig. 1m ). 261
To identify more specific differences in the immune cell composition of cavefish and surface fish, 262 we clustered head kidney cells based on cell morphological features using Image3C 37 . This tool 263 uses image-based flow cytometry and advanced clustering algorithms to cluster cells based on 264 their morphology and cellular features such as granularity of the cytoplasm or nucleus, 265 independent of an observer bias that has been reported for such analysis 38 . This makes it an 266 effective method for organisms lacking established transgenic lines or antibodies to identify 267 specific immune cell populations. 1i in order to reduce mature erythrocytes from the single cell suspensions of head kidney cells 292 (see Methods for details). In total, we recorded 10,000 cells by image cytometry from each 293 replicate surface fish (Río Choy, n=5) and cavefish (Pachón, n=6) ( Fig. 2a ; see methods for more 294 details) and identified 21 distinct cell clusters (Fig. 2b) . The identity of each cluster was determined 295 based on cell image galleries from each cluster (see Data File 2 for complete cell gallery) in 296 comparison to the histological staining of sorted cells as presented in Fig. 1i . In addition, to verify 297 certain cellular features (e.g., complexity of nuclei, cell shape, see Table S4 for feature details) 298 within a certain cluster, we used a feature intensity/cluster correlation analysis ( Fig. S3 ). Clusters 299 were assigned to one of the following categories based on their morphological features: 300 myelomonocytes (relatively large cells with medium to high granularity, irregular shaped nuclei 301 and high cytoplasm to nuclei ratio; cluster 2, 11, 13, 14, 16); lymphocytes/progenitors (relatively 302 small cells with low granularity and low cytoplasm to nuclei ratio; cluster 4, 7, 9, 18, 19) and mature 303 erythrocytes/doublets/debris (cluster 1, 3, 5, 6, 8, 10, 12, 15, 17, 20, 21) ( Fig. 2b ). In line with the 304 scatter analysis, we found a significant reduction of cells within the myelomonocyte category in 305 cavefish compared to surface fish (mean relative abundance of 0.468 cells in surface fish vs 0.320 306 cells in cavefish; p ≤ 0.001, one-way Anova and FDR correction, Fig. 2c ). 307
More specifically, we identified differences in the relative abundance of monocytic cells ( The reduction of almost all myeloid cell populations suggests that there is an overall reduced 318 investment in the innate immune system in Pachón cavefish. The resulting reduction of 319 granulocytes and monocytes in cavefish head kidney is in line with the observed decreased 320 baseline expression of proinflammatory cytokines and phagocytic rate. Furthermore, we found 321 that cells within the lymphocyte/progenitor category ( Fig. 2e-f ) are generally overrepresented in 322 cavefish when compared to surface fish (mean relative abundance of cells within 323 lymphocytes/progenitor category: surface fish 0.433 vs. cavefish 0.580; p ≤ 0.01 one-way Anova, 324 FDR corrected, Fig. 2e ). 325
Most cluster in the lymphocytes/progenitor category did not differ significantly between surface 326 fish and cavefish with the exception of cluster 9 (surface fish 0.295 vs. cavefish 0.399; p ≤ 0.01 327 one-way Anova, FDR corrected, Fig. 2e ), which is the most abundant cluster in this category. 328
Here it is noteworthy, that the M/L ratio we obtained for surface and cavefish with the Image3C 329 approach is similar to the M/L ratio we obtained before ( Fig. 1k ) using standard scatter information 330 (M/L ratio surface 1.10 vs. 0.56 in Pachón, p ≤ 0.001 one-way Anova, Fig. S4 ). However, given 331 the morphological similarities (see Data File 2) of early progenitor cells of hematopoietic lineages 332 and specific lymphocyte cell types (B-cells, T-cells), we were not able to further resolve the identity 333 of these cluster. Therefore, we took a genetic approach. We performed single-cell RNA 334 sequencing of head kidney cells, where mature erythrocytes were removed from the head kidney 335 cell suspension through FACS sorting as described above. We used one female adult surface 336 fish (Río Choy) and one age, size and sex-matched cavefish (Pachón). Using 10x genomics, we 337 captured 5874 surface fish HK cells and 4717 cavefish HK cells representing most hematopoietic 338 cell linages ( Fig. 2g ). Cluster identification was done using a comparative approach using gene 339 expression data from other teleost fish species (for details see Methods Fig. 2i ). We identified 357 increased numbers of CD4+ T-cells in cavefish (relative abundances of cd3e + tcrα + tcrβ + cd4-358 1 in surface fish 0.002 vs 0.031 in Pachón cavefish, Fig. 2i ). Interestingly, we observed that 359 γ + δ + CD4 − CD8 -(γδ) T-cells reside in higher proportions in the headkidney of cavefish than in 360 surface fish (relative abundances of cd3e + tcrγ in surface fish 0.007 vs. 0.028 in Pachón cavefish, 361 Fig. 2i ). γδ T-cells are a lymphoid cell population that potentially functions as a bridge between 362 the innate and adaptive immune system due to its ability to recognize antigens in an MHC-363 independent manner 24 and has only been discovered recently in other teleost species 39 . 364 Furthermore, γδ T-cells are reported to play a significant role in the development of autoimmune 365 diseases 23 and in homeostasis and inflammation of mammalian adipose tissue 40 . 366
The changes in the immune investment strategy of cavefish suggests that the inflammatory 367 response of Pachón cavefish could be affected, since numbers of cells that drive proinflammatory 368 responses (monocytes and neutrophils) are decreased and cells that can promote homeostatsis 369 (γδ T-cells) are increased in Pachón cavefish. In addition, the dominance of the Pachón cavefish 370 immune investment phenotype suggests that there are genetic differences that drive these 371 changes. To address these questions we designed another scRNA-seq experiment (Fig. 3a) . We 372 injected surface fish (Río Choy) and cavefish (Pachón) with either PBS or LPS and dissected the 373 head kidney 3 hours after injection (Fig. 3a) . We removed the majority of mature erythrocytes 374 through FACS sorting as described before. Considering an unique molecular identifier count of ≥ 375 500, we obtained a mean of 12,128 cells for each of the eight samples with a mean number of 376 667 genes per cell in each sample (Fig. 3a) . With the increased numbers of cells per sample we 377 were able to resolve cellular identities at higher resolution as shown in Fig. 2g . As done before, 378
we mainly used cell-specific expression data from zebrafish to identify the identity of the single 379 cluster (for details see Methods section). We find higher numbers of myeloid cells in both 380 treatment groups of surface fish, which also resulted in higher numbers of granulopoietic 381 (granulocytes and their precursor cells) and monocytopoietic (monocytes and their precursor 382 cells) cell cluster (Fig. 3b) . We were not able to identify a specific cluster of eosinophils, but this 383 is mainly due to the lack of a suitable genetic marker for this cell type. In contrast to the increased 384 numbers of myeloid cells in surface fish, we found an increased number of T-cells in both 385 treatment groups of cavefish similar to the previous experiment (see Fig. 3b and Fig. 2g ). Again, 386 the increased numbers of cells per sample enabled a better resolution of the different T-cell 387 populations (Fig. 3b ). Based on the gene expression profile, we found naïve T-cells, CD8 + T-388 cells, Treg cells, CD4+ T-cells, and γδ T-cells in cavefish, while we only found naïve and CD4+ 389 T-cells in surface fish ( Fig. 3b and 3c ). Even though we find T-cells with the same identity in 390 surface fish, the low numbers probably prevented clustering of these cells into a unique T-cell 391 cluster in surface fish. This underlines the differences in the immune investment strategy between 392 surface fish and Pachón cavefish, where surface fish invest more into innate immune cells and 393
Pachón cavefish more into adaptive, more specifically T-cells, immune cells. 394 395 Given the previously observed differences in the immune investment strategy between surface 396 fish and cavefish, we speculated that these differences might be driven by genetic changes in 397 hematopoietic stem cells (HSCs). While we found no changes in the relative abundance of HSCs 398 across all samples (between 0.02 and 0.03, see Fig. 3b ) we found distinct changes in the 399 transcriptional profiles of HSCs between surface fish and cavefish control samples that may affect 400 linage fate decision, the level of quiescence and self-renewal capacity (for a complete list of 401 differential expressed genes in HSC see Data File 9). For example we found that cavefish cells 402
show increased expression of bcl3 (log2FC = 3.87), a marker for lymphoid progentitor cells 41 for a complete list of differential expressed genes in the CD4+ T-cell cluster see Data File 10). 428
While we did not detect a specific NK-cell cluster in any of the treatment groups, we observed 429 that mainly CD4+ cells express infg in the acute pro-inflammatory response upon LPS injection. 430
We also compared the relative abundance of ifng expressing cells within the CD4+ T-cell cluster 431 and, again, found an increased abundance of ifng expressing cells in surface fish (Fig 4c, Pachón fish that is absent in Pachón PBS treated groups and in both surface fish treatment groups 437 ( Fig. 3b and 4a ). The main charachteristic of this activated B-cell population is the expression of 438 foxo1b, rag-1 (Fig. 4a ) and to a lesser extent rag-2, which is characteristic of activated B-cells 48 Based on this, we hypothesized that Pachón cavefish display increased activation of B-cells after 457 injection with LPS compared to surface fish. To test this, we injected surface fish and Pachón 458 cavefish with either PBS (20µL/g), a high dose of LPS (20µg in 20µL/g) or with a low dose of LPS 459 (5µg in 20µL/g) or left naïve as control group and compared B-and T-cell activation status in the 460 spleen, a major lymphoid organ for antigen processing in teleost fish 50 . To visualize activated B-461 cells we used an antibody against the GL-7 antigen that specifically stains activated B-cells that 462 respond to a T-cell dependent antigen immunization event in the germinal center of lymphoid 463 organs 51 . In surface fish we only found a significant increase of the GL-7 signal in the LPSlow 464 group compared to naïve group at 7dpi (p ≤ 0.0001, multiple comparison after mixed effect 465 analysis, Fig. 4d and e, see Data File 11 for detailed statistical analysis). For cavefish, however, 466
we found significant increase of the GL-7 signal in the LPShigh and LPSlow group compared to 467 the naïve group at 7dpi (p ≤ 0.01 and p ≤ 0.0001, respectively, Fig. 5e and d) . We did not find a 468 significant response upon LPS injection after 14dpi in surface and cavefish (see Fig. S5 , see Data 469
File 11 for detailed statistical analysis). These findings indicate that Pachón cavefish mount a 470 more lymphoid (adaptive) driven immune response upon bacterial recognition than surface fish. 471
Finally, we asked whether the reduced investment into innate immune cells, such as granulocytes 472 and monocytes, in cavefish is accompanied by changes in gene expression of the 473 proinflammatory response (for a complete list of differential expressed genes in the neutrophil 474 and macrophage cluster see Data File 12 and 13, respectively). Here we found that the main 475 innate immune cells, neutrophils and macrophages, from cavefish showed increased expression 476 of csf3r (log2Fold = 2,85 and 1,14 compared to the surface fish PBS group, respectively). 477 Although we also found increased expression of the macrophage-associated colony stimulating 478 factor receptor (csf1r) in the cavefish control group compared to surface control fish, expression 479 was very low in all groups. However, the increased expression of csf3r in neutrophils and 480 macrophages indicates a higher sensitivity for its ligand csf3 (g-csf), which is produced by a 481 variety of different immune cells to stimulate the release of Csf3r positive cells into the 482 bloodstream. We also found distinct changes in the inflammatory response in neutrophils and 483 macrophages of surface fish and cavefish upon injection with LPS. For example, components of 484 the NF-κB pathway, a major regulator of inflammatory processes in vertebrates 52 , was 485 significantly increased in surface fish. However, based on the overall reduced investment of 486 cavefish into innate immune cells we asked whether there is also a reduction of cells that mediate 487 pro-inflammatory responses. 488
To test this, we used the expression of the cytokine il-1β as a readout, as this cytokine is described 489 as one major regulator of proinflammatory respones in teleost fish 53 . We detected induced 490 expression in granulopoietic cells (mainly mature neutrophils), monocytopoietic cells (mainly 491 mature monocytes) and macrophages in surface fish and cavefish upon LPS injection (Fig. 5a) . 492
We found a 2.3 -fold increase of il-1β expressing cells in surface fish 3 hrs post LPS injection 493 compared to cavefish (mean overall relative abundance of cells expressing il-1β in surface fish 494 0.065 vs. 0.028 in cavefish, see Fig. 5b ). Interestingly, cavefish seemed highly variable after PBS 495 injection (Fig. 5b ), but when we compared expression of il-1β within each cell cluster, only 496 cavefish neutrophils showed elevated il-1β expression in both replicates of the PBS injected group 497 that is comparable to the induced expression after LPS injection (Fig. 5c ). This, however, is a 498 cavefish neutrophil specific phenomenon since monocytopoietic cells (containing mature 499 monocytes) and macrophages do not express il-1β in the PBS injected Pachón samples (Fig. 5c) . 500
It is noteworthy that macrophages from surface fish and cavefish showed the highest increase in 501
il-1β expressing cells and represent presumably the main producer of il-1β upon LPS injection in 502
A. mexicanus (Fig. 5c ). 503 504 To verify the reduction in neutrophils and monocytes / macrophages that can initiate a 521 proinflammatory response, we designed an in-situ RNAscope probe for il-1β to visualize il-1β 522 expression in head kidney and spleen. We injected surface fish (Río Choy) and cavefish (Pachón) 523 with 20µg in 20µL/ g LPS and dissected head kidney and spleen 3 hours post injection (see 524
Methods section for details). In line with the scRNAseq analysis, LPS injected surface fish showed 525 an increased number of il-1β positive cells in the head kidney compared to cavefish (Fig. 5d ). We 526 also detected considerably fewer cells that express il-1β after injection with LPS in the spleen 527 from cavefish compared to surface fish (Fig. 5d ). In teleost fish, the spleen contains high numbers 528 of mononuclear phagocytes, e.g. macrophages 32,54 but is generally not a hematopoietic tissue for 529 such cell types 50 . In addition, we also used the il-1β RNAscope probe on dissociated head kidney 530 cells from surface fish 3 hrs post injection with LPS and we were able to validate that mainly cells 531 with monocytic and neutrophilic characteristics (multi-lobbed nuclei) express il-1β (Fig. S6) . 532
Based on these results, we hypothesized that the lack of cells that initiate a systemic pro-533 inflammatory response in cavefish upon exposure to an immune stimulant (e.g., LPS) could 534 potentially lead to a decreased presence of immunopathological phenotypes that result from such 535 pro-inflammatory responses. Cavefish produce substantially more visceral adipose tissue (VAT) 536 than surface fish 26 . In mammals, the amount of VAT is positively correlated with number of 537 monocytes infiltrating the adipose tissue and mediating inflammatory processes resulting in the 538 formation of crown-like structures (CLS) 55 . Therefore, we tested whether VAT of A. mexicanus 539 shows signs of CLS and if surface fish and cavefish differ in their occurrence. We detected CLS 540 in the visceral adipose tissue of surface fish (Fig. 5e ), but not in cavefish, despite the prevalence 541 of large, hypertrophic adipocytes (average numbers of CLS in 100 adipocytes were 7.95 for 542 surface vs. 0.6 for cavefish, p ≤ 0.001, one-way ANOVA, Fig. 5f ). To measure levels of il-1β 543 expression, we took a sub-sample of the VAT for RT-qPCR analysis. We detected reduced 544 expression of il-1β in VAT of cavefish relatively to surface fish (mean relative expression of 545 cavefish compared with surface fish 0.249, p ≤ 0.05, pairwise fixed reallocation randomization 546 test, Fig. 5g ). In combination with the reduced number of crown-like structures, our data indicate 547 a reduction of pro-inflammatory granulocytes and macrophages in VAT of cavefish potentially 548 enabling increased VAT storage in cavefish without immunopathological consequences. 549
Conclusion 551
Our study elucidates how adaptation to low biodiversity in caves affects the immune investment 552 strategy of a vertebrate host. Besides differences in biodiversity, there are a variety of 553 environmental parameters that differ between the river and cave habitat (e.g. light conditions, food 554 availability, oxygen concentration). Differences in these parameters may potentially influence 555 different physiological systems that affect immune cell composition and function of A. mexicanus. 556 However, given that the maintenance and the control of the immune system is costly too 2 , the 557 changes in the immune investment strategy of cavefish is likely an evolutionary response 558 facilitated by the low parasite diversity in the cave environment. Proinflammatory reactions are 559 one of the main causes for immunopathological phenotypes and have a tremendous impact on 560 the fitness of an organism and can be caused by a variety of environmental factors 56-58 . We 561 interpreted the reduction of innate immune cells in cavefish, which mediate proinflammatory 562 processes and act against parasites, as an adaptation decreasing auto-agressive 563 immunopathology from a hyper-sensitive immune system in an environment without parasite 564 diversity. With A. mexicanus we present a vertebrate system, which lost parasite diversity for 565 thousands of generations and presents immunological adaptations to such an environment that 566 prevent immunopathology. 567 568 Acknowledgements 569
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Single cell suspensions from freshly dissected head kidney tissue were produced by forcing tissue 632 through 40 µM cell strainer into L-15 media (Sigma), containing 10 % water and 5 mM HEPES 633 buffer (pH 7.2) and 20 U/mL heparin (L-90). The strainer was washed once with L-90 and cells 634 were washed once by spinning cells at 500 x g at 4 ºC for 5 mins. Supernatant was discarded 635 and cells were resuspended in 1 mL of L-90 media (L-15 containing 10 % water, 5 mM HEPES 636 (7.2 pH), 5 % fetal calf serum, 4 mM L-glutamin, Penicillin-Streptomycin mix with 10,000 U/mL 637 each). Cells were counted using EC800 analyser (Sony Biotechnology) and 1x10 6 cells were 638 plated in 48 well plate in 500 µL and incubated over night at 21 ºC. At timepoint 0, 20 µg / ml or 639 0.2 µg / mL lipopolysaccharide mix in PBS (Escherichia coli O55:B5 and E. coli O111:B4, 1 mg/mL 640 each) or PBS alone as a control was added to the cells, respectively. After 1, 3, 6, 12 and 24 641 hours, cells were harvested and immediately snap frozen in liquid nitrogen and RNA was isolated 642 as described previously 59 . 100 ng of RNA (concentration was measured using the Qubit system 643 (Thermo Fisher)) from each sample was used for cDNA synthesis using the SuperScript™ III 644
First-Strand Synthesis System kit (Invitrogen) following manufacturer instructions. Resulting 645 cDNA was used for RTqPCR using the PerfeCTa® SYBR® Green FastMix® (Low ROX) 646 (Quantabio) following manufacturer instructions. Gene specific primers (see Table S1 ) were used 647 for amplification of target and the two housekeeping genes (rpl32 and rpl13a, see Table S1 for 648 details). Where possible, gene specific primers were designed to span an exon -exon junction. Phagocytosis was measured as previously described 61 . Briefly, a single cell solution from freshly 658 dissected head kidney tissue was prepared as described above and 4x10 5 cells were pipetted 659 into 96 well flat bottom plate and Alexa-488 tagged Staphylococcus aureus (Thermo Fisher) were 660 and coverslipped. Only cells that could clearly be identified based on studies in closely related 685 organisms using a similar approach 30,32 were used as representative image for Fig. 1i . 686 687 Image-based cluster analysis of head kidney 688 For this analysis, hematopoietic cells from the head kidney were presorted to remove the mature 689 erythrocyte cluster using the S3 Cell Sorter (Bio-Rad) using scatter features (as in Fig. 1i ). This 690 was necessary since mature erythrocytes account for about 8 % and 7 % respectively in surface 691 fish and Pachón fish of the entire cell count in the head kidney based on the erythrocyte population 692 we were able to identify using scatter alone (see Fig. 1i ). However, based on their biconcave 693 morphology we found erythrocytes in all populations that we could separate through scatter, 694 although mainly in the myelomonocytic and progenitor populations to different degrees since 695 different orientations in the flow cell of erythrocytes result in different morphological shapes 37 . 696 Based on this, the presence of mature erythrocytes results in massive over-clustering 37 . 697 Reduction of erythrocytes through sorting based on scatter can be used to reduce the amount of 698 over-clustering using the pipeline 37 . Sorted cells were stained with 5 µM Draq5 and 10,000 699 nucleated, single events were acquired from samples on the ImageStream®X Mark II at 60x, slow 700 flow speed, using 633 nm laser excitation. Bright field was acquired on channels 1 and 9 and 701 Draq5 on channel 11. SSC was acquired on channel 6. Intensities from 25 unique morphological 702 features were extracted. Further analysis was done as described before 37 . 703 704
Intraperitoneal injection of LPS 705
Fish were individualized and fasted the day before the treatment (naïve, PBS-injected or LPS 706 injected). After 24hrs the fish were anesthetized using ice cold system water and either PBS 707 (20µL/g bodyweight) or a LPS mix (E. coli O55:B5 and E. coli O111:B4, 20µg or 5µg in 20 µL/g 708 bodyweight) was injected intraperitoneally using an insulin syringe (3/10 mL, 8 mm length, gauge 709 size 31G, BD). After given timepoints, fish were euthanized using buffered Tricaine solution (500 710 mg/L) and respective organs were dissected and were either dissociated (single cell RNA 711 sequencing) or immediately fixed in 4 % paraformaldehyde / DEPC water (RNAscope analysis) 712 for subsequent analysis. Genomics Cell Ranger pipeline (version 2.1.1). Reads were demultiplexed into Fastq file format 730 using cellranger mkfastq. Genome index was built by cellranger mkref using cavefish genome 731 astMex1, ensembl 87 gene model. Data were aligned by STAR aligner and cell counts tables 732 were generated using cellranger count function with default parameters. Cells with at least 500 733 UMI counts were loaded into R package Seurat (version 2.3.4) for clustering and trajectory 734 analysis. 4991 cells for surface and 4103 cells for Pachón cavefish were used for downstream 735 analysis. The UMI count matrix were log normalized to find variable genes. First 12 principal 736 components were selected for dimension reduction and t-SNE plots. Marker genes were used to 737 classify clusters into lymphocytes, myelomonocytes and progenitor types. The results generated 738 by Cell Ranger can be retrieved from the GEO database with accession number GSE128306. 739
The assignment of cell identities is based on their transcription profile determined by similar 740 approaches in zebrafish 32,62-65 . 741 742
Single-cell RNAseq for LPS injection 743
Libraries were sequenced paired-end using Illumina Novaseq S2 flowcell. Raw data were 744 processed using Cell Ranger pipeline (version 3.0) and demultiplexed into Fastq file format using 745 cellranger mkfastq. Data were aligned to astMex1, ensemble 87 gene model by STAR aligner 746 and cell counts tables were generated using cellranger count function with default parameters. 747
Cells with at least 500 UMI counts were loaded into R package Seurat (version 3.0) for clustering 748 and trajectory analysis. The UMI count matrix were log normalized to find top 2000 variable genes 749 using vst selection method from Seurat. Replicates were then integrated using SCTtransform 750 function FindIntegrationAnchors based on Seurat's vignettes. Principal components cutoffs were 751 selected based on Jackstraw and Elbowplot function for dimension reduction and UMAP plots. 752
De novo markers genes were generated using FindAllMarkers function and to plot heatmaps in 753 Section preparation and RNA in situ hybridization were performed as previously reported 26 Nikon Elements software. Identical camera exposure time and laser power was used across 781 samples. All image processing was done with an open source version of FIJI 67 with standard 782 commands. A Gaussian blur with radius of 1 was applied and a rolling ball background subtraction 783 with a radius of 200 pixels was applied to every channel with the exception of the DAPI channel. 784
Following that, a max projection across the slice was applied. For direct comparison, images 785
shown are contrasted identically in the far red channel (il-1β). 786 787 GL-7 analysis of spleen after LPS injection 788
Fish were dissected 3hrs after treatment and the spleen was immediately embedded with OCT 789 compound (Tissue-Tek, CA) and freezed at -70°C. Cryo sections with 12µm thickness were cut 790 using a Leica CM3050S cryostat (Leica Biosystems Inc. Buffalo Grove, IL) and mounted on glass 791 slides. Sections were kept in cyrostat for 2hr before fixed with pre-chilled 75% acteone/25% 792 ethynoal at room temprature for 30 min. Immunofluorescence assay was performed manually 793 using an Alexa Fluor 647 conjugated rat anti-mouse T-cell and B-cell activation antigen (BD 794 Pharmingen, GL7 clone, cat# 561529) and a matched isotype control (BD Pharmingen, R4-22 795 clone, cat# 560892). Here, IF experiments were repeated three times with different populations 796 and timepoints, which accumulated a total number of 48 animals. In brief, sections were 797 rehydrated with 1X PBS and background was blocked by incubating sections in Background 798
Buster solution (NB306, Innovex Biosciences, CA, USA) for 30 min. The antibody was diluted 799 1:500 in Antibody Diluting Reagent (003118, Invitrogen, Carlsbad, CA, USA) and incubated 800 overnight at 4°C. Sections were further stained with DAPI (1:1000) for 10min, and then washed 801 in tris-buffered saline (25 mM Tris, 0.15 mM NaCl, pH7.2) with 0.05% Tween-20 (TBST) and 802 coverslipped before imaging. Images of sections were acquired on a Zeiss LSM 700 upright 803 microscope. A 5x air objective was used. DAPI and AF647 were excited with a 405 nm and 640 804 nm laser, respectively, with a 405/488/561/640 nm main dichroic. Emission was collected onto an 805 ORCA-Flash 4.0 V2 digital sCMOS camera, through a 700/75 nm and 455/50 nm filter for the far-806 red channel and DAPI channel, respectively. All image processing was done with an open source 807 version of FIJI 67 with standard commands. For GL-7 intensity analyis we used Fiji macro that is 808 publicly available under https://github.com/jouyun/smc-809 macros/blob/master/ROP_IntensityMeasurement.ijm. 810 811 Visceral adipose tissue analysis 812
We dissected the visceral adipose tissue (VAT) from the abdominal cavity as described 813 previously 26 . In short, we manually removed the intestinal sack of the fish and carefully isolated a 814 piece of fat tissue located around the gut for RTqPCR as described above. The rest of the sample 815 was immediately fixed in 4% paraformaldehyde for 18 h at 4 °C and embedded in JB-4 Embedding 816 solution (Electron Microscopy Sciences; #14270-00) while following kit instructions for 817 dehydration, infiltration and embedding. After sectioning at 5 μm, we dried slides for 1 h in a 60 818 °C oven and stained slides with hematoxylin for 40 min. After rinsing the slides in PBS, semi-dried 819 slides were stained with eosin (3% made in desalted water) for 3 min. Slides were washed with 820 desalted water and air dried. At least 3 images from VAT of each fish were taken at similar location 821 around the gut and crown-like structures were scored as described previously 68 . Images were 822 obtained using a 10X objective on Zeiss Axioplan2 upright microscope and adipocytes and CLS 823 were counted using Adobe Photoshop CC (Version 19.1.0). 824 825
Statistical Analysis 826
Graphical data and statistics were produced using R 69 except otherwise stated. For comparisons 827 between populations we used a one-way ANOVA and corrected for multiple testing against the 828 same control group (FDR) with Benjamini-Hochberg test 70 . For analysis of RT-qPCR data we 829 used the REST2009 software where significant differences between two groups were determined 830 by a pairwise fixed reallocation randomization test 60 . Two-way ANOVA analysis was done using 831 Graph Pad Prism Software (Version 8.0.2). Multiple testing against the same control group was 832 corrected with FDR test Benjamini-Hochberg test 70 . To determine significant differences of 833 morphological cell cluster between surface fish and cavefish that resulted from X-shift clustering 71 834 we used a negative binominal regression model as described before 37 Figure S3 : Spearmen Correlation of overall mean feature intensities used for clustering and single cluster after X-shift based clustering using head kidney cells from surface fish and cavefish. See Table S3 for details of features. Figure S4 : Myelomonocyte/ lymphocyte ratio based on Image3C analysis. Differences between surface fish (Río Choy) and cavefish (Pachón) were tested using a one-way Anova. Significances are indicated as *** for p ≤ 0.001. 
Figure S6:
RNAscope analysis on dissociated head kidney cells from surface fish 3hpi with LPS (20µg in 20µL/g bodyweight). Dissociated cells were transferred on Microscope slide and stained as described in Supplemental Methods. After RNAscope imagining using 700/75 nm and 455/50 nm filter for the far red channel (il-1β) and DAPI channel, respectively, cover slip was removed and cells were stained after May-Grünwald Giemsa. Exact position of slide was imaged with 63 X Oil objective as before. Cells expressing il-1β are marked with white arrow in 'Merge' image and the same cells are marked with a red arrow in 'May-Grünwald Giemsa' image.
